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Introduction
The leaf and fruit surfaces of higher plants are covered by the cuticle or cuticular membrane. Thus, the plant cuticle constitutes the interface between the plant tissue and the environment. From a chemical point of view, the cuticle is formed by an insoluble polymer matrix of hydroxy-fatty acid esters called cutin. Associated with this biopolymer are waxes, or soluble cuticular lipids, embedded within the matrix, intracuticular waxes, or epicuticular waxes that are deposited on the outer surface of the plant cuticle (Walton 1990) .
Epicuticular waxes constitute the main barrier limiting the transport across the plant-atmosphere interface. This property allows waxes to control cuticular transpiration and foliar uptake of xenobiotics Riederer 1989, Schreiber and Schö nherr 1993) , and to provide resistance against fungi (Comménil et al. 1997 ). This is due to their molecular arrangement in crystalline regions, where the middle portions of the long aliphatic chains of the wax constituents are regularly aligned, and in amorphous regions, where short-chain aliphatics and cyclic compounds form clusters outside the crystalline regions (Riederer and Schreiber 1995) .
Permeability of cuticles differs greatly among plant species, and it has been argued that both the chemistry and the structure of cuticular waxes are responsible for these differences (Riederer and Schö nherr 1984) . The most common major components of cuticular waxes are hydrocarbons and their oxygenated derivatives, such as secondary alcohols and ketones, long-chain fatty acids, aldehydes and alcohols, and wax esters composed of long-chain fatty alcohols and fatty acids. On the other hand, long-chain i-diketones and pentacyclic triterpenes are sometimes major components of waxes, particularly on the stems and fruits of some plants (Kolattukudy 1996) .
The presence of flavonoids in cuticles of Lycopersicon esculentum fruits has been previously reported (Schö nherr and Bukovac 1973 , Hunt and Baker 1980 , Baker et al. 1982 , Luque et al. 1995 . Flavonoids are a class of phenolic compounds of low molecular weight that are widely distributed in the plant kingdom. They exhibit a diverse spectrum of biological functions and play an important role in the interaction between plants and the environment (Shirley 1996) . During the ripening of tomato fruits, specific flavonoids are synthesised and transported from epidermal cells to the different components or parts of the cuticular membrane. In fact, the main difference between mature green and ripe growth stages in tomato fruits is the presence of the flavonoids naringenin and chalconaringenin in the cuticular membrane of ripe fruits (Luque et al. 1995) . Both phenolics are present in cutin (5-10% of total weight) and epicuticular waxes (10-40% of total weight) of tomato fruits Baker 1980, Baker et al. 1982) .
Cuticular flavonoids are synthesised in the epidermal cells. The carbon skeleton of all flavonoids derives from three acetate units and one unit of phenylalanine. A central intermediate in the formation of all flavonoids is the chalconaringenin and its isomeric flavanone, naringenin (Shirley 1996) . From these central intermediates, the pathway diverges into several side branches, each yielding a different type of flavonoid (Koes et al. 1993) . In the present work, the biosynthesis and incorporation of flavonoids into the main components of tomato fruit cuticular membranes, epicuticular waxes and cutin, have been investigated for the first time. Physico-chemical properties of waxes containing flavonoids are also studied.
Materials and methods

Plant material
Tomato fruits, Lycopersicon esculentum Mill., were collected from the Estació n Experimental La Mayora, CSIC, Algarrobo Costa, Málaga, Spain. For experimental purposes, the material was collected at two different growth stages: mature green and ripe.
Extraction of cuticular waxes and cuticular membranes
Fresh plant material was washed in water and discs, about 2 cm diameter, punched from the fruits, and the cuticles isolated using the ammonium oxalate-oxalic acid method at 25°C (Roberts et al. 1959) . After 5 days, the cuticles could be separated from the outer wall of the epidermis and the cellular debris adhered to the cuticles were removed with a water jet. Isolated cuticles will be referred to as cuticular membranes. Epicuticular waxes were extracted by immersing the tomato fruits in chloroform for 60 s (Baker et al. 1982) . The extract was filtered after mixing the organic solvent with solid anhydrous sodium sulphate. Finally, the organic solvent was evaporated at room temperature, and the solid waxes were stored at room temperature until they were used in the corresponding experiments. Dewaxed cuticular membranes were obtained after extraction of the soluble cuticular lipids from cuticular membranes in a chloroform/methanol mixture (1/1, v/v) for 3 h (three changes) at 65°C. When dewaxed cuticular membranes were treated for 6 h with 6 M HCl at 105°C, the polar hydrolysable components were removed. The solid residue remaining was cutin (Riederer and Schö nherr 1984) .
Laser confocal microscopy
Self-fluorescence of isolated cuticles were examined using a Leica TCS NT microscope.
Biosynthesis assays
Tritium-labelled L-2,3,4,5,6-3 H-phenylalanine, 5 .11 TBq mol − 1 (Amersham, Buckinghamshire, UK) was used as precursor. Aqueous solutions of the labelled precursor in acetate buffer (20 mM, pH 5) were used. Radioactivity of the solutions was determined by scintillation counting and corresponded to about 3.2 × 10 5 cpm ml
. Assays were started by placing 100 ml labelled solution on the cuticular surface of tomato fruit. Fruit ripening took place for 10 days in a chamber with 14 h photoperiod at 24°C and 10 h dark period at 18 -22°C. Sampling was carried out 2, 4, 8 and 10 days after label deposition.
After the corresponding incubation time of the tomato fruits with 3 H-phenylalanine, the surface fruit exposed to the drops of the 3 H-phenylalanine solution was washed with water and punched out. In order to isolate the fruit cuticle, each fruit disk (about 1.5 cm in diameter) was incubated with an extraction solution composed of a mixture of ammonium oxalate-oxalic acid (5 ml per disk) for 24 h at 40°C. Isolated cuticles were rinsed exhaustively with water and stored at room temperature. In order to obtain the cuticular waxes, the isolated cuticles were placed in glass vials containing 5 ml of chloroform/methanol (1/1 v/v) for 24 h at 25°C. Polymer-matrix (MX) membranes or dewaxed cuticles were rinsed with methanol and stored at room temperature until further use. Solutions containing waxes were evaporated and the dry residue was dissolved in 5 ml chloroform/ methanol (1/2 v/v). The radioactivity incorporated in flavonoids was measured.
To evaluate the radioactivity incorporated in the flavonoids present in the MX membranes or dewaxed cuticles containing cutin, the membranes were depolymerised with KOH/methanol (3%, w/v; 5 ml per disk) for 6 h under reflux conditions. Flavonoids liberated after this procedure were extracted with diethyl ether, the ethereal extract was dried, and the residue was dissolved in 200 ml methanol and stored at room temperature.
Components obtained above were chromatographed on dry silica-gel plates, using chloroform/methanol (3/1, v/v) as running solvent. R f of pure naringenin, chalconaringenin, coumaric acids, and phenylalanine in this solvent mixture were 0.88, 0.66, 0.66, 0.44 and 0.33, respectively.
Radioactivity measurements
Radioactivity measurements were carried out by liquid scintillation spectrometry (Beckman LS 6500). Radioactivity of the aqueous solutions was determined in liquid scintillation cocktail (Aquasol-2, NEF-952G, Belgium), and the radioactivity of waxes dissolved in chloroform was determined in a BCS-NA liquid scintillation cocktail (Amersham).
Partition coefficient determination
About 9 mg of isolated and purificated cutins from enzymatically isolated cuticular membranes of Cli6ia miniata leaves, pepper (Capsicum annuum) fruits, and tomato (Lycopersicon esculentum) fruits were cut with a sharp razor blade and the pieces were placed in glass vials. In other Physiol. Plant. 105, 1999 experiments, isolated epicuticular waxes, about 3 mg, from isolated cuticular membranes of tomato fruits, or 9 mg of polycaprolactone (PCL), or 6 mg of paraffin wax (Aldrich, Milwaukee, USA) were dissolved in chloroform and spread on aluminium discs (about 10 mm diameter). After evaporation of the solvent, the aluminium discs were heated in order to obtain good adhesion of the components to the metal surface, followed by cooling to room temperature and, finally, the sample discs were placed onto glass vials.
Cuticle/water and wax/water partition coefficients for flavonoid sorption at specific pH values were calculated according to the equation:
where C c is the concentration of flavonoids in the cuticle (g kg
) and C s is the solute concentration of flavonoids in water solution under equilibrium conditions. The concentration of flavonoids sorbed on the solid sample was calculated as the difference between the initial concentration minus the concentration of the corresponding flavonoid sorbed at defined times.
In each case, the amount or concentration of flavonoids were spectrophotometrically measured from the corresponding calibration curves: naringenin was determined at 288 nm and chalconaringenin at 320 nm. Samples were equilibrated in 7 ml of citrate buffer 20 mM, pH 3, for 20 h in a shaker bath at 25°C. To prevent growth of microorganisms, sodium azide (10 − 3 mol l ) was added to the solution.
Diffusion coefficient measurement
For the measurement of the diffusion coefficient, we used the method described by Schreiber and Schö nherr (1993) with minor modifications: approximately 9 mg of isolated epicuticular waxes were dissolved in chloroform and spread on Teflon discs (about 13 mm diameter). After evaporation of the solvent, the Teflon discs were heated in order to obtain good wax adhesion, followed by cooling to room temperature. For the measurement of the mobility of naringenin previously sorbed on cutin of tomato fruit cuticles and on PCL, about 9 mg of these samples were used. Desorption experiments were carried out using 7.5 ml glass vials containing 7 ml of citrate buffer 20 mM, pH 3, for wax, tomato fruit cutin, and PCL samples. In some experiments, 0.1 M NaHCO 3 aqueous solution was used as the desorption solvent. The vials were shaken in a bath at 25°C. At known intervals, the desorption medium was quantitatively exchanged and replaced by fresh desorption medium. Flavonoid desorption was measured photometrically at 320 nm, for chalconaringenin and naringenin at pH 8, and at 288 nm to quantify naringenin at pH 3. Desorption kinetics can be described using the equation (Schreiber and Schö nherr 1993) :
where M t /M 0 is the relative amount of flavonoid desorbed, Dx (mm) is the thickness of the samples, D (m 2 s − 1 ) is the diffusion coefficient, and t (min) is the time. Plotting M t /M 0 against the square root of desorption time, the curves could be linearised up to about 50% desorption. Diffusion coefficients can be calculated from the slopes of the corresponding regression lines of the desorption kinetics since they correspond to the term (4/Dx)(D/P) 1/2 of Equation 2.
Results and discussion
Experimental approach on the biosynthesis of flavonoids at cuticular level
As we pointed out in the Introduction, the flavonoids appear at the cuticular level during the ripening of tomato fruits. In this sense, the biosynthesis of these compounds were investigated in order to elucidate the mechanisms of incorporation of flavonoids into the epicuticular waxes and cutin of tomato fruit cuticles. Table 1 reports the net balance of the complete experiment after label precursor deposition and the corresponding fruit cuticle isolation. The results indicated that the 3 Hphenylalanine precursor diffuses through the cuticular surface and reaches the epidermal cells, where it can be further metabolised. Table 1 also shows that there is an increase in the labelling of specific compounds into the cutin of the corresponding MX membranes, whereas the amount of radioactivity found in the fraction of cuticular waxes remained at the same level during the fruit ripening. To test if the radioactivity measured in the different fractions can be assigned to the phenolic compounds synthesised de novo from the precursor and not merely to precursor sorption on waxes and cutin during the experiments, we carried out an exhaustive analysis by thin-layer chromatography (TLC) of the soluble waxes and the compounds obtained from the treated fruits after cuticular isolation, wax extraction, and cutin depolymerisation. Fig. 1 shows the radioactivity profiles, as the percentage of the label associated with specific compounds, of the TLC plate of the phenolic compounds present after chemical depolymerisation of the cutin of the tomato fruits corresponding to 2, 4, 8, and 10 days after the beginning of the assay. This shows that the percentage of the label associated with naringenin (R f 0.88) increased in cutin during fruit ripening, especially between days 2 and 4. It is noticeable that, in the samples corresponding to mature green fruits (day 2), the main labelled components were coumaric acids (R f 0.66 and 0.44) together with naringenin (R f 0.88). These results clearly show that the labelled precursor is metabolised in the epidermis of fruits yielding distinct phenolic compounds as cinnamic acids and flavonoids. Chalconaringenin was not found in the TLC plates, probably because of spontaneous cyclisation of the chalcona, as has been reported by Krause and Galensa (1992) .
In addition, Fig. 1 reveals that nonspecific incorporation of the labelled phenylalanine precursor, R f 0.33 (see Materials and methods), into the cutin and waxes did not happen and consequently the fruits and the cuticle disks had been carefully washed. On the other hand, Fig. 2 reveals that the radioactivity profiles of the different phenolic compounds corresponding to the soluble epicuticular wax fraction were mainly characterised by the presence of labelled naringenin.
Neither coumaric acids nor phenylalanine, R f 0.44 and 0.33, respectively, were found in the wax extracts.
Thus, our results indicate that flavonoids are metabolised and incorporated on the epicuticular waxes of cuticular membranes of tomato fruits at the mature green stage, and that these flavonoids, mainly the flavanone naringenin, are also progressively incorporated into the cutin during fruit ripening. Fig. 3 shows a summary of these experiments. The figure indicates that the total radioactivity assigned to naringenin in the wax extracts was almost the same during fruit ripening, whereas the amount of labelled naringenin incorporated into the cutin matrix of the corresponding fruit cuticles increased during the process. Fig. 2 . Radio TLC of tomato fruit epicuticular waxes. TLC profiles, percentage of radioactivity in each lane, corresponding to the phenolic components extracted from reconstituted tomato fruit epicuticular waxes after 2 days (), 4 days (), 8 days () and 10 days () of the labelled Fig. 3 . De novo biosynthesis of naringenin in tomato fruit cuticles from the 3 H-phenylalanine precursor. Total radioactivity measured (in cpm) assigned to the flavonoid naringenin found in the wax fraction () and cutin depolimerisates () corresponding to isolated tomato fruit cuticles on days 2, 4, 8 and 10 after labelled 3 H-phenylalanine precursor deposition. Bars indicate the standard deviation of three different experiments.
Additional evidence for the cuticular localisation of phenolic compounds is shown in Fig. 4 . The microphotographs show the self-fluorescence of cuticular membrane samples or fruit cuticles isolated from mature green and ripe fruits observed by confocal laser microscopy. Taking into account the experimental conditions used, a single line excitation of 488 nm and multiple channel emission, the recorded self-fluorescence can be mainly assigned to the flavonoids. Each microphotograph exhibits the selffluorescence corresponding to planes about 1 mm thickness from the outer to the inner surface of the isolated cuticular membrane.
In the sample corresponding to the mature green stage, it can be observed that a weak self-fluorescence appears only in the first planes, i.e. the planes assigned to the outer surface, the morphological site where the epicuticular waxes are located. At the same time, following the microphotograph series towards the interior of the isolated cuticular membrane, the self-fluorescence disappears. This indicates that flavonoids are mainly present on epicuticular waxes in early stages of fruit ripening, but not in the cutin matrix. On the other hand, in the microphotographs corresponding to isolated cuticular membranes of ripe tomato fruits, a stronger self-fluorescence of flavonoids throughout the whole cuticular membrane is observed. This is mainly localised in the cutin matrix of the cuticle sample. Thus, the flavonoids appear to be extruded on epicuticular waxes at early stages of fruit ripening, while they are accumulated in the cutin of the polymer matrix membranes in a more advanced stage of fruit ripening. These facts agree well with the radioactivity profiles previously discussed in this section (see Fig. 3 ).
Flavonoids sorption
The presence of flavonoids at the cuticular level implies the existence of concrete interactions between those molecules and specific cuticular components. In order to investigate the affinity of naringenin and chalconaringenin for different cuticular components, we calculated the partition coefficient of these flavonoids in different solid/water systems (see Materials and methods). Table 2 reports the calculated partition coefficient for the flavanone naringenin and the chalconaringenin for different cuticular components. Data revealed a high affinity, expressed by a high value of the partition coefficient K, of both flavonoids for isolated and purified cutins from leaves and fruits of different plant species, and by the commercial polymer PCL (linear polyester of -hydroxycaproic acid). On the other hand, the affinity of the flavonoids for isolated and reconstituted tomato fruit epicuticular waxes and for commercial paraffin wax was null. A possible explanation could be that the high crystallinity and hydrophobic nature of waxes is a hindrance to allow interactions with flavonoids. Self-organisation of plant waxes conduces to form a dense molecular packing where interactions between heterogeneous molecules are minimised (Riederer and Schreiber 1995) .
Dynamics of flavonoids on waxes and cuticular matrix
The analysis of molecular dynamics or mobility, in terms of the diffusion coefficient parameter, of flavonoids present in the cuticles of tomato fruits was carried out using the experimental approach developed by Schreiber and Schö nherr (1993) . The method allows, in this case, the experimental measurement of the diffusion coefficient in wax of endogenous flavonoids present in the tomato fruit cuticles. Since the method requires the evaluation of small amounts of the corresponding molecule, desorbed from the solid sample, at selected time intervals, the high extinction coefficient of flavonoids made their detection at very low concentration levels possible (see Materials and methods).
Desorption of the endogenous flavonoids, naringenin and chalconaringenin, from reconstituted tomato fruit cuticular wax and from isolated and purified cutin using citrate buffer as liquid desorption medium resulted in the non-linear desorption kinetics shown in Fig. 5A . Diffusion coefficients (D) were calculated from the linearised region of the curves (Fig. 5B) (Schreiber and Schö nherr 1993) , the mobility of the endogenous flavonoids is extremely low and comparable to that reported for hydrophobic compounds of high molecular size, such as tetracosanoic acid and the n-alkane dotriacontane. This low mobility indicates a high molecular cohesion between flavonoids and, on the other hand, agrees with previously reported data indicating that the flavonoids are trapped at the cuticular level forming molecular clusters with very low mobility in the network that constitutes the cutin matrix (Luque et al. 1995) .
Summarising, our results show that the flavonoids found in the cuticles of ripe tomato fruits are formed in early stages of the maturation process. The flavanone naringenin is synthesised near the epidermis of the fruit and it diffuses through the cuticular membrane, and reaches the outer surface together with the other epicuticular wax compounds. The affinity of this molecule by waxes is null; for this reason, the flavanone molecules form molecular aggregates or clusters where their mobility is very low. During the fruit ripening, more flavonoids are formed and they are deposited or trapped in the cutin matrix of the membrane where their affinity for the polyester that mainly constitutes the cutin of tomato fruits is very high. The physiological significance of these data remains to be clarified. It has been recently reported that flavonoids could have an important role in detoxification mechanisms of epidermal plant cells against reactive oxygen species, mainly H 2 O 2 (Yamasaki et al. 1997 ). This molecule is generated in localised events and increased under conditions of high stress (light conditions, fungal defence) or rapid growth. These functions must be taken into consideration in further research on the biochemistry and physiology of these special phenolics.
